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AUSI K \n 

A hricl' review ol' (he resiMreh aeeomplislimenis hy NASA in ineelint: the iieeils ol Ihe space 
proi:rani lor precise lime in salellile Irackint: w ill be presenletl. As a inaior user ol |»reeisi‘ 
lime signals lor clock synchroni/alion ol NASA's wtuUIwule salellile Irackmg nelworks. Ihe 
agency provkleil much ol Ihe necessiiry impelus lor Ihe ilevelopmeni ol'slable Irenuency 
siuirces aiul lime synchroni/alion lechnology. I he precision lime required lor bolh salellile 
Irucking aiul space science e\|vrinienls has increased al a rale ol‘ aboiil one onler ol' niagni- 
liule |vr ilecaile Ironi 1 millisecoiul in Ihe l‘>50’s lo 100 microsecoiuls Juring Ihe Apollo era 
in Ihe l‘>(>0’s lo 10 microsecoiuls in Ihe l‘)70's. As we enler inlo Ihe l‘>H0's. when Ihe 
Tracking aiul Mala Relay Salellile Sysleni ( TDRSS) amies inlo oivralion, s;ilelhle liming 
reqiiiremenls will be eMeiuleil lo I microsecoiul aiul below. Tliesi* require men Is are luviled 
Tor spacecraTl aulononiy aiul ilala I'ackeling w hich are now in aclixe planning slages. 
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A Rl VII W ()l SATI LLITI TIMI TRANSI I R Tl CIINOIXXiY - 
A( ( OMI'LISIIMI NTS AND I UTURI AITLICATIONS 


INTRODUrriON 

Since the successful development of various atomic resonance devices, | Ramsey 1957, Fssett 
et al. 1957, Markowitz et al. 1958, (ioldenberg et al. I9(>0, Ramsey I9ft21 we have witnessed 
a dramatic improvement in the generation, measurement, and dissemination of frequency 
and time. In the I950's we could achieve at best an accuracy of time dissemination of I mil- 
lisecond on a worldwide basis. Now we are developing concepts capable of nanoseconds and 
even picoseconds in the future. What is the impetus'* That is. what are the requirements 
and what technologies are available to us? The answers to these questions are of interest to 
many of us. 

In the late I950’s terrestrial transmitted time signals were limited, then as today, by our in- 
ability to predict the propagation time delay through the atmosphere and the ionosphere 
I Lawrence et al. 1964) . Various techniques and carrier frequencies were tried. Among them 
was the pulse rate technique modulated on carrier frequencies in III and VLT bands. The 
received signal phase of a VLI' signal was found to be very stable (Pierce I953| and offered 
the best potential for time dissemination over long distances. Although thea* is a diurnal 
phase change from nighttime to daytitiie paths, this deficiency was overcome in the I960’s 
by the use of two coherent VLF signals whose frequency separation was very small (in the 
order of I to 2 iwrcent of tjie nominal carrier frequencies). Through the cooperation between 
the National Bureau of Standards(NBS) and the National Aeronautics and Space Administra- 
tion (NASA), and later between the IX-partment of the Navy and NASA, this technique was 
developed and offered an accuracy at the microsecond level for time transfer over continental 
distances (Chi and Witt 19651 . While the dual VLI time transfer technique was developed in 
the I960’s, two factors affected its eventual application as an operational system. One, of 
course, was the urgent need for clock synchronization by the Manned Space Right Network 
(MSI'N) to support the Apollo program. The other was the successful demonstration experi- 
ments using satellites to transfer time. As we shall see later in this paper, both these factors, 
requirements and technology, played a strong role in influencing the outcome of frequency 
and time transfer technology. 

As most people working in the field of time dissemination know, dedicated time transmission 
systems are expensive to build and often cannot be justified if the number of users is small 
(see table I ). I'or this reason, most resourceful managers plan their programs by an add-on 
approach or piggyback, as a hitchhiker on a system used for some other purpose. The time 
transmission on such navigation systems as LORAN-C (Davies and Doherty 19601 and the 
OMKCiA (Chi et al. 1972, 19731 are good examples. When NASA had to synchronize its 
MSFN station clocks to an accuracy of 100 microseconds, the only techniques available then 
were the portable clocks supplemented by a hybird of IIF and VLF techniques. It was quite 
fortuitous that the signal phase of the emissions from the Mediterranean Sea Chain of 
LORAN-C was just then being synchronized to the master clock of the United States Naval 
Observatory (USNO). With the cooperation of the USNO and the United States Coast 
Guard, LORAN-C supported the clock synchronization of our tracking station in Madrid. 
Spain. As more LOR.AN-C chains were synchronized, this navigation system played a vital 
role in the advancement of clock maintenance, in particular in the clock comparison among 
the standard laboratories. 
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Unt'ortuiuldy, all iciHul syMcins liavi* their liniilalionk. In llu' cjm.* of 1 OK AN-C. this limita- 
tion is in the rantte of coveraito of the itrouiul wave propattatetl signals. Hus range is in the 
outer of 2lKX)km. 

I’reeeiling the ailvaneement of frequeney and time teehnolog> were many siuwsses m the 
hasie researeh and development programs in related llidds. I hey served as the essential pre- 
cursors. Although they are tix> numerous to cite, si'veral activities come immediately to 
mind. 1 hey are: ultrastahle crystal oscillator development m the l*>40’s and 50’s lOerber 
and Sykes Idp6|, atomic frequency standards development of eesiutn beam tube | Holloway 
and WiHulward l‘>(»4. liagley and (’utler I‘>(v41 . rubidium gas cell (Bender el al. I'JSSI and 
hydu'gen masers in the l‘).StVsand bO's (V'esstit and Peters I‘>b2, Vesstil el al. I‘>bb|, the 
dellning of the second m terms of the cesium atomic resonance frequency in the mKM^(>U's 
((•eneral Confeience on Weights and Measures H>b7|, the improved accuracy in the mea- 
surement of velocity of light in the I‘>b0’s (Stevenson el al. I‘f72( , and so on. NASA, as a 
new agency in the late H)50’s, provided many of the requirements and applications. NASA 
also provided the op|xirtunilies to conduct experiments and to lest the new ideas. As the 
Director of (hxldard Space l lighl ('enter, I am glad to say that NASA participated actively 
in and sup|xirted many of these programs. 


RI VIIW 0| IIIS^()K^ t)l l ARlV SAM I I Ml. PRtHiRAMS 

During the early days of the space agency, when spaa' seieiuv was still in its infancy, space 
scientists had many golden opportunities to conduct experiments in virgin territories. I'here 
were many firsts to be sure, nobly achieved and pro|x*rly recorded. Not all planners and ex- 
IX’rimenters were, however, scientifically minded in the true si'iise of the word. Miat is to 
s;iy there were many realists and practieal-miiuled engineers who thought in terms of appli- 
cations. Such projects as Tiros, 1^110, Telslar, Relay, and later the si'ries of the .\pplications 
Technology Satellites (ATS) are examples. 

Project I’eho was, in fact, the first host satellite which paved the way for a si'ries of succes- 
sive s;itellite time transfer ex|x‘riments It was a passive comiminication satellite using an 
intlatable sphere of alumini/ed mylar, lUU feel in diameter. 1'he balloon was designed as a 
reHector to demonstrate longdistance two-way communications (Jakes D>bl ( between the 
two coasts of the United Stales. I'he staled objectives of these ex|X'rimenls were: ( I ) To 
demonstrate two-way voice communication between the east and west coasts, (2) I'o study 
the propagation properties of the medium, including the effects of the atmosphere, the ion- 
osphere, and the balloon, (3) To determine the usefulness of various kinds of satellite track- 
ing procedures, aiul (4) To determine the usefulness of a passive comnumication> satellite of 
the I'cluvl type. It wxs launched into a circular orbit on August 1 2, l^td). It had an incli- 
nation of 47.3° and an altitude of IO(X) miles. The tracking configuration for this satellite 
is shown in figure I . 

It is inlei .sting to note that prior to the launch of the I cho balloon, the system lest and sys- 
tem calibration of the tracking station equipment was mad>' in November D>5^ via the tmxm, 
the earth’s natural satellite. The succes.sful receiving of the signals bounced off by the nuxin’s 
surface led the Jet Propulsion I aboralory (JPI ) later to ink' the “nuxin bounce technique” 
to transfer time among the Deep Spaa* TJetwork (DSN) stations. 
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The Teblar was JetigncJ as an active wkleb. nd communication satellite (Dickieson l*^63| . 
analogous to a terrestrial microwave repeate located in the sky. Its objectives were: ( I ) To 
demonstrate the transmission of multichannel two-way telephony, television, data and fac- 
simile via satellite, (2) To build a very large ground station antenna and find out how to 
point its extremely sharp (narrow) beam very accurately at the satellite, (3) To gain a firm 
understanding of the problems of measuring orbital parameters and predicting satellite posi- 
tions. (4) To gain a better numerical knowledge of the character and intensity of radiation 
in the Van Allen belt. (S) To faev the problems of designing for long life and reliability of 
electronic equipment for operation in the space environment, and (6) To knik for the unex- 
pected. The Tclstar system consists of an active communication satellite repeater or trans- 
ponder. It was launched in l*)62. In addition to the stations at Andover. Maine, llolnidel, 
New Jersey; Washington. IX'; and Cioldstonc, California in the United States, the participat- 
ing l-uropean countries were I ngland with a station at (kHinhilly IXiwns, I'rance with a sta- 
tion at Pleumer-Bodou, and Italy at I'ucini The specific design objectives are: ( I ) To dem- 
onstrate broadband microwave transmission through an active satellite, (2) To test the op- 
eration of a ground station capable of transmitting to and receiving from the satellite while 
tracking it, and (3) To obtain data on the space environment and its effect on the satellite. 
The spacecraft is shown in figure 2 and the orbit parameters are shown in table 2. 

The choice of frequencies for the transponder was more complicated and has a historical in- 
terest. Prior study results had shown that the preferred frequencies lay in the range of I to 
lOCill/, more specifically in the bands ol 3700 to 4200 and 5925 to (>425 Mil/.. In the 
United States, and generally in the rest of the world, these frequencies had all been allocated 
for various terrestrial uses. Satellite communication as a newcomer had to work its way into 
the establishment. This situation presented a complex international problem which was not 



Figure 2. Experimental Communications Satellite, Telstar 
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Tabk 2 

Orbit of the Ttittar Satfllita 


ORBITAL 
PARA.MFTI RS 

PR()IH)SI 1) 

ACTUAL ORBIT 
(NASA MINITRACK) 

Perigee 

5(X) nm 

51 1.9 nm 

Apogee 

3000 nm 

3043.2 nm 

Inclination 

45.43“ 

44.8“ 

Pemnl 

156.47 min. 

157.6 min. 

Initial Apogee Latitude 

8.59°S 

II.92“S 

Apsidal Advance 

2.02“/day 

1. 98° /day 


(Alter A. C. Dickieson) 


resolved until the Fxtraordinary Administrative Radio Conference for Space Radio Commu- 
nication met in (ieneva in October 1963. The microwave frequencies finally chosen for the 
Telstar system were 6390MH/ for the ground-to-spac" transmission and 4I70MH/ for the 
spacc-to-ground transmission. While the final choice of these frequencies fell short of the 
ideal, it was nevertheless a good compromise and conformed with the recommendations of 
the International Radio Consultative Committee (CCIR) of 1959. I am bringing out this 
history to reflect the frequenc'y allocation experience we had in the early days of the space 
programs and point out the need for continued international coordination and cooperation. 

*^.elay-l and -11 which were follow-on programs to Telstar wen; launched in 1962 and 1964 
respectively. They were designed to conduct television and voice communication experi- 
ments between the United States. Hurope, Brazil, and Japan. 

More advanced communications satellite programs were planned for the Syncoms-I and -II 
and the Series of ATS-I through -VI, The scries of ATS projects were to carry out research 
and development in scientific and technological areas of communication. In addition, each 
satellite of the ATS scries undertook a major area of investigation including satellite stabili- 
zation, satellite antenna systems, meteorology, particle evaluation and environmental effects 
on components and material. The objectives of ATS-I and -III were to demonstrate the fea- 
sibility of visual imaging, communications and environmental measurements using spin- 
stabilized spacecraft at synchronous altitude. ATS-I was launched on December 7, 1966, 
at 150° west longitude. It remains spin-stabilized and in synchronous orbit today. ATS-III 
was launched on November 5, 1967 with an inclination of 47° west longitude. The accom- 
plishments of the ATS program arc too numerous to list. I mentioned them only to point 
out that they :re used in several important satellite time transfer experiments. However, 
it should also be emphasized that as we move at an increasingly rapid pace in communication 
technology toward digital time division multiple access (TDMA) systems, internal time syn- 
chronization among ground and space terminals becomes a major system-level problem. 
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I'lgurc 3 thowi the design ul I cho, Kela> , and A IS types of sateilites. I'lgure 4 shows the 
rirst color photograph (reproduced in black and white) or the earth taken at an altitude ol 
22.3(XX) miles Irom A I S-lll at 47" west longitude on November l‘), l‘)67. 


SAM I nil IIMI TKANSI I R ridlNIQUI S 

Several time transfer techniques have been used. They are dik'.inguished by satellite relay 
and satellite clock techniques. IT the satellite diH*s not carry a clock and if the propagation 
time delay is determined by one-way ranging or by calculation based on a priori knowledge 
of positions and propagation medium corrections, the technique is called the one-way relay 
technique. On the other hand if the propagation time delay is determined by two-way rang- 
ing measurement, it is called the two-way relay technique. When the satellite carries a clock, 
the time transfer technique is called the one-way emission. As with most techniques, they 
can be modified to form a number of hybrid techniques. Historically s|H'aking. the one-way 
emission technique was developed after the relay technique. This is because the relay tech- 
nique can be demonstrated easier and cheaper than placing a clock on-board a satelli!*. I'or 
“xainple: 

1. riie first experiment co*>d‘icted by Steele. Markowitz, and Udback ( l‘)(>4| in 1^62 
using Telstar was to coii’.^'ore clocks between the United States and the United King- 
dom via the ground station clocks at Andover, Maine in the United States and (uxm- 
hilly IXiwns in I ngland. They transmitted 10 per second $ns pulses from each sta- 
tion to the other at near simultaneous time as shown by figure S. I.ach station then 
measured the arrival time of the received signal relative to its local clock. Based on 
these data, the difference between the two ground station clocks was measured. In 
addition, two measurements wen.* made at (ioonhilly of its own pulses that were re- 
transmitted from Andover. Thus the total propagation delay was also measured. 
Although the two-way coherent relay time transfer technique was not used in this 
experiment, the idea was suggested and paved the way for the Relay experiment. 

2. The two-way coherent relay satellite time transfer technique was first used in the ex- 
periment conducted by Markowitz, l.idback, Uyeda. and Muramatsu ( Kf>6| in 1965 
between the United States and Japan using Relay-II as shown in figure 6. The time 
signal transmitted from Mojave, United States, via Relay-II to K «hima. Japan, was 
liHifK'd back and retransmitted from Kashima to Mojave. This time transfer technique 
is called the two-way coherent relay time transfer technique in contrast to the two- 
way noncoherent relay time transfer technique used in the Telstar experiment. To 
identify the clock pulses from each of the two stations in the Relay-II experiment, 
longer pulses, 1 1 ps wide, were used for the transmission from the Mojave to Kashima 
direction; and shorter pulses, 5/is wide, were used for transmission from Kashima to 
Mojave. The pulse rates were 100, 1000, and 10,000 per second. The slower rate of 
pulses was used to resolve the time ambiguity and the higher rate to increase the 
resolution. 

3. The one-way relay satellite time transfer experiment was first proposed by Martin 
and Johnson of JI’L in 1964. They and their co-workers demonstrated the feasibility 
via Lunar Orbiter | Martin I966| . They were also the first to use the pseudevrandom 
noise (PN) ranging code to transfer timing information. At about the same time. 

I asterling proposed a similar experiment using the moor, as the refiector | Baumgartner 
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Figure 3. NASA's Goddard Missmrts m the 1960 




Figure 4. First Photograph of the Earth Taken on 
November 19, 1967 from ATS 3 


19671 . Both experiments used S-band frequencies for up and down links; although 
after the lunar reflector experiment was implemented in the Deep Space Network in 
1967, X-band frequency at 7I50MII/ was used (lliga 19721. 

The one-way relay time transfer technique was investigated in detail by many experimenters 
(Jesperson et al. 1968, Gattercr et al. 1968, Hanson and Hamilton 1971, Murray et al. I9’’l ) 
They used different satellites (figure 7) and carrier frequencies because of the frequency allo- 
cations for these satellites. This technique effectively places the ground clock in the satellite. 
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TELSTAR 



CLOCK DIFFERENCE: 

Tq -I^ = 1/2(Hq^ “Hag ) 

Figure 5. Teittar Two Way Relay Noncoherent Time Transfer Experiment 



Figure 6. Two-Way Relay Coherent Time Transfer Experiment Using Relay II 


(After Markowitz, et al.) 
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Pus IS acIm'Vi'tl by rcnunimt llio one k'j! piopapation lime delay Irom the master clock U>- 
caled in a ttrouiul station to the satellite usinit two-way ranitmgor |h*sI corrected orbital |h*- 
silion determination ol the satellite. The on-lime sijtiial delays Irom the satellite to the users 
are lelt to the users to remove. Hie National Htireaii of Standards made extensive invesluja- 
tions to Iransniil the WWV ly|v ot signals in space using .MS (llatiMm and llaniillon l‘>74| 
and ('leoslalionary Oivralional I nvironnienlal Satelliles((IOI SI lllaiison el al. l‘>7o|. I hey 
dcveloivd an ingenious slide rule melluHl to calculate the one leg propagation tune ilelay lor 
the users based on |hisiIioii nitornialion of the satellite, siibs;ilelhle |>oml, and the usi*rs' sites. 

4. Hie one-way emission lechnu|ues using a siitelhte-borne clock was lirsi denionsiraled 
by the gciHletic satellites (til'OSI (tercli el al. I ‘>7 1, laios l‘>7l|. (il-OS-l, which 
was launched on November <». I ‘h>^,carrieil a crystal oscillator clock wilha Ireipiency 
stability of I \ 10*" per day. .\llhough similar crystal oscillators with lower fre- 
Hueiicy stability were usi'd in earlier s.ilell;ies for lime lagging of data such as I'ransil- 
•Mf launched on l ebniary 21. I‘>bl, they were not used for lime transfer pur|>oses 

Hie first atomic clock placed in a satellite for lime transfer pur|H>si‘ was the Navigation I ech- 
nology .Satellite (NI SI. NIS-I. which was launched on July 14. I‘)74. carried a rubidium 
g.is cell standard | Kingcr el al. I‘>75| . NrS-ll, which was launched on June 27. I‘>77. car- 
ried a cesium beam lube standard |\Vhite el al. l‘)7o| . Hie N I S si'ries are the Idrerunners of 
the tllobal I’osiiionmg System (tirsi |Shoemaker l‘>7.S| which ultimately will luive 24 satel- 
lites in three circular orbital planes separated by I 20”. I ach s;ilelhle will carry a clock to 
which its radio frequency emissions will be sy nchroni/ed. 

In a review pa|vr such as this, it is obvious that I cannot cover all the s.ilelhle lime Iransler 
e\|H*rimenls which have been ilone.iuH ilo I wish to burden you with the details which many 
of you already know It is sufficient, ivrhaps, to suinmari/e the e\|H’rimenls as given m 
table .J. It is to be noted that the most precise* lime transfer using a satellite is achieveu by 
those e\|vrimenls in which the two-way coherent relay lechnuiiie was used, such as by (’hi 
et al. |Chi and Hyron l‘)75| m the I'niled Stales and S.ibiiri et al. 1 1‘>7(>| in Japan using 
■M S and Hriinel el al. | l‘>771 m I'rance using Symphonie. 1 his is to be e\|vcted since the 
prop.igation delay can be accurately measured and corrected. Similaily, very long baseline 
interferometer |\'i HI) can also be used to transfer lime once the |xisilions of the baseline 
stations are accurately determined. Such a series of e\|vrimenls was recently conducted in 
the linited Stales achieved an accuracy of the lOns level llliird I47.J. Kogersel al. I‘)771. 


\m U A HONS 

Vhen I talk about applications of space science and technology , I view ilie topic broadly as 
any use to which mankind puts the fruits of space resv'arch and devciopment. Hiroiigh Ih'ii- 
eficial applications of space science and technology, we may help sv ireh for new resources 
and energy and better our standard of living, thereby maintaining and sirenglhenmg the dig- 
nity and the aspirations of all mankind, (’ertainly. the view from space gives us the pers|x*c- 
live to better manage human activity on earth, riiercfore. spaa* resiMrch is intrinsically 
global and beneficial in nature. We have wilnessi'd unpreceilented technological ailvance- 
m* nt in space in the last two decades. 

As we view our accomplishments and examine the vast amount of valuable data and informa- 
tion collected through scientific explo ation of space, we must view with alarm the future 
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when over-expanding C.irrenls of data will be IransniiMed I'roin space. We imisl find new 
ways to manage the data collection, handling, and iitili/ation of this data lor the maxiimiin 
benefit to mankind. Tor this reason, we have recently reviewed the NASA mission oivration 
and data management practices to determine what changes m philosophy, concept and de- 
sign of our data systems are needed | I’erris and tlreene I‘)7 p| . I'hrough this review we have 
develo|K'd a new concept of data management and handling which we named the NASA 1 nd 
to I'nd Data System (NI'I I)S). 

NI I DS is a concept which includes the idea of “spacecraft autonomy." Spacecraft autonomy 
implies "self-sufficieiit" spacecraft which can independently execute the functions of attitude 
control, sensing, navigation, and data collection, handliiig and transmission, rxpi'rimental or 
observational data such xs that from I aiulsat (figure K) are today collected and handled si*p- 
arately from auxiliary navigation, timing and attitude information. Sn the Nl I |)S era, ob- 
servations will be grouped as data packets coherent to each other within the experiment and 
provided with all needed auxiliary data. I'hrough such a system, not only is data pre-selected, 
formatted and annotated through the use of the on-board computer, but als4) it will be time- 
tagged through the life of the ex|H‘riment. It is obvious that accurate on-lH>ard time will be 
required by each ex|x'nment as well as to maintain the long term lime lagging of the data 
packets. In short, there is a requirement for an on-board clock to generate accurate lime in- 
lerv ils as well as to provide a continuous time scale consistent in accuracy with the overall 
timing requirement. I'he on-board clock must be monitorable and steerable from the ground. 

Some programs still in the planning stages at NASA which will incorpeuate this new philos- 
ophy will be the l arlh Radiation Hudgel Satellite (I RUS), the Upper Atmospheric Research 
Satellite (DARS), and the Origin of Plasma in the l•■arlh's Neighborlunnl (OPI N). 

/Vs I stated previously, the timing requirements for space programs have increased at a rate 
of about one order of magnitude jK'r decade, fhese new programs will continue that trend, 
figure shows the NASA timing requirements of the last twenty years As I project the 
needs of our planned programs, the requirements for time are expected to reach the submi- 
crosecond level soon. Tor example, you all know the VI HI experiment which requires a 
priori time synchronization of 10 /as for initial data reduction and needs or ivrhaps desires 
to have a stability of 10 ps for the order of a day. This requirement obviously calls for a 
hydrogen maser with a stability of the order of 10*'* per day or better. Haselines currently 
being determined by VI HI are approaching the uncertainties of the order of a few centime- 
ters using the present generation of hydrogen masers. A proposal now in the conceptual 
stage is the space VI HI terminal, i-or example, if the United Sta'es space Shuttle and U.SSR 
Salyut space stations were used as a means of transporting and o^vrating a radio telescope 
antenna and receiver in orbit around the earth, then taken together with ground based VI. HI 
stations, a dynamic interferometric network would be formed. Phis network could be used 
to map, with greatly expanded coverage, galactic and extra-galactic radio sources. It would 
have the potential to improve the angular resolving power for many stnirces to a size equiva- 
lent to perhaps the diameter of the earth. Such a spacebome Vl.HI terminal requires not 
only an accurate and stable clock but also a wideband data handling system for telemetering 
to the ground. 

/Xnother impivrtant space research discipline where precise time is important is the modeling 
of the gravity potential of the earth. Hased on the improvement of earth geo|x)tential 
models, we can see from figure 10 that we have also increased the accuracy of siitellite piv 
sition determination by about one order of magnitude (x*r decade. 
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EVIDENCE OF FROST DAMAGE TO THE 
BRAZILIAN COFFEE TREES BASED ON 
LANDSAT SATELLITE IMAGES TAKEN 
ON JULY 13. 1975, LEFT. BEFORE THE 
FROST AND ON JULY 31, 1975, UPPER, 
AFTER THE FROST. 


Figure 8. Photographs Developed Froitt Larxisat Sensor Images Covering 13,225 Square Miles of Brazil 
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Figure 9. NASA Present arxl Future Timing Requirements 


I'inurc 10 depicts the history aiul forecast of (Hisition accuracy for earth orbitint; spacecraft. 
The position accuracy assumes two types of orbit determination metIuHls. i.e., the global and 
deterministic methods. The global orbit determination method (which is the current system) 
utilizes statistical estimation teclmupies and accurate dynamic models to estimate the orbit 
from many measurements where no single measurement uniquely determines the complete 
state. The deterministic orbit determination method is a geometric estimation of the satellite 
position which is unkpiely determined by a group of accurate measurements over a short 
time span. This is a possible system of the future. 

As we project the improvement in orbit determination into the future, we are quite confident 
that we shall achieve another order of magnitude reduction in position error. It is based on 
this kind of forecast (Hearth l‘)7b| and conceptual plans that I project the requirement for 
greater precision and accuracy in the measurement of time in the l‘)80’s and beyond. These 
requirements will be in the hundreds to tens of nanoseconds region. 
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TOTAL POSITION ERROR. 



Figure 10. Position Accuracy of Earth Orbiting Satellites 


lip to this point I have discussed potential applit itions and their relation to projected needs. 
To meet all these requirements, NASA is proeuriiu' a real-time data transmission system 
called the Tracking and Data Relay Satellite Systen,. This system consists of two satellites 
in synchronous orbit which will replace the current NASA ground network in supporting 
low earth orbiting missions. It is equip|x*d to transmit data from lOOb/s to 300 Mb/s rates 
l l'DRSS Users’ (Uiide \^1S\ . Through TDRSS we also plan to transfer time to satellites in 
near earth orbit. Satellites in highly elliptical orbits will receive timing signals from some 
remaining NASA ground tracking stations. 

In conclusion, I would like to leave you with an optimistic note, fhat is. "time is what you 
have and time is what NASA needs.” Through continued cooperation by the members of 
the timing community. I see a challenging and rewarding research and development program 
in the years to come. I look forward to the continuing participation by NASA (loddard 
Space I’light ('enter and coordinating with you in this ffort in the future. 
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